This study was designed to investigate the effects of different doses of levetiracetam on aquaporin 4 (AQP4) expression in rats after fluid percussion injury.
Background
Brain edema is a major pathological change following traumatic brain injury. Mild brain edema causes neurological dysfunction and severe brain edema is life-threatening; brain edema is a major determinant of patient prognosis [1] [2] [3] [4] [5] . Aquaporin 4 (AQP4) is a major membrane protein that mediates 2-way transmembrane transport of water molecules in the brain tissue, and plays a key role in producing traumatic brain edema [6] [7] [8] [9] [10] .
Levetiracetam derived from pyrrolidone is an analogue of piracetam and a novel orally active antiepileptic drug used in adjunctive therapy of primary generalized tonic-clonic seizures (partial seizures and myoclonic seizures). Levetiracetam achieves antiepileptic effects by binding to synaptic vesicle proteins of neurons in the central nervous system. Levetiracetam has a high capacity to bind to synaptic vesicle proteins, which can inhibit abnormal discharge of neurons and exert antiepileptic effects. Levetiracetam is characterized by high bioavailability, linear curve, low protein binding rate, no hepatic enzyme induction, ideal pharmacokinetic properties, and good tolerability and safety. In addition to the antiepileptic effect, levetiracetam also has been shown to resist apoptosis, inhibit the proliferation of glial cells, and mitigate brain edema [11] [12] [13] , but there is lack of molecular biological evidence.
This study sought to investigate the effects of levetiracetam on brain edema and AQP4 expression so as to provide theoretical evidence for the effects of levetiracetam on lessening traumatic brain edema in a rat model of brain edema induced by fluid percussion injury.
Material and Methods

Experimental animals
We obtained 192 healthy specific-pathogen-free male SpragueDawley rats aged 6-9 weeks and weighing 210-270 g from the Experimental Animal Center of Hebei Medical University in China (certificate no. SCXK(Ji)2008-1-003). The rats were housed at room temperature (20-25°C) , with a 12-h light/dark cycle (8:00-12:00), and were allowed free access to food and water. All procedures were approved by the Animal Care Committee of Hebei Medical University and were in accordance with the guidelines of the National Institutes of Health (Bethesda, MD, USA) on the care and use of animals.
Main reagents and instruments
We used levetiracetam oral liquid (300 ml: 30 g, Approval no. GYZZJ20150002; NextPharma SAS, France), rabbit anti-mouse AQP4 polyclonal antibody, biotin-labeled goat anti-rabbit IgG, diaminobenzidine color kit and enhanced chemiluminescence kit (Santa Cruz Biotechnology, USA), RNA extraction reagent (Invitrogen), ribonuclease inhibitor (RNasin), dNTP, reverse transcriptase (M-MLV), random primers, the Taq DNA polymerase and agarose (Promega, USA), a quantitative fluorescent reagent kit (Hot Start Fluorescent PCR Core Reagent Kits, SYBR Green I) (BBI Company), a fluid percussion injury device (NatureGene Corp., USA), and the 7300 real-time PCR system (ABI, USA).
Model establishment
The rats were intraperitoneally anesthetized with 10% chloral hydrate (0.3 g/kg), and fixed on a stereotaxic apparatus. Craniectomy was performed on the right hemisphere at 3 mm posterior to the anterior fontanelle and 3 mm lateral to the median line. The skull was resected 5 mm in diameter, and the rat dura was kept intact. The injury hub, consisting a female Luer-Lok fitting, was affixed to the craniectomy site with cyanoacrylate adhesives and dental cement, which was connected to the transfer tube of the fluid percussion injury device via a male Luer-Lok. Animal models of edema were established by moderate fluid percussion pulse (21±1ms duration) on the right parietal cortex at 0.2±0.01MPa. A single moderate fluid percussion pulse of injury was caused by releasing of the pendulum. The sinusoidal pressure curve was captured by digital-storage oscilloscope through pressure transducer. Fluid percussion injury was graded as mild (0.01-0.10 MPa), moderate (0.15-0.21 MPa), or severe (0.31-0.37 MPa) according to the strength of pressure. A pressure of 0.2 MPa was generated when the release angle of the pendulum was set at 21.5 degrees [14] [15] [16] . The SO group did not receive fluid percussion and only the bone window was exposed.
Grouping and administration of drugs
The rats were randomly divided into a sham operation group (SO group, n=48), a traumatic brain injury group (TBI group, n=48), a low-dose levetiracetam group (LL group, n=48), and a high-dose levetiracetam group (LH group, n=48). TBI, LL, and LH groups received moderate fluid percussion. Rats in the LL and LH groups were intragastrically administered levetiracetam oral liquid 100 mg/kg/d and 300 mg/kg/d, once a day, at 15 min after injury. Rats in the SO and TBI groups were intragastrically administered an equivalent volume of physiological saline.
The SO group, TBI group, LL group, and LH group were each divided into 6 subgroups according to time after injury (2, 6, 12 , and 24 h and 3 and 7 days). At 2, 6, 12, and 24 h and 3 and 7 days after model establishment, 8 rats in each group were intraperitoneally injected with 10% chloral hydrate (0.3 g/kg), perfused with 4% paraformaldehyde in the heart, and decapitated. The skull was opened and the brain tissue was obtained. Brain water content was measured. Brain tissue received hematoxylin-eosin staining, immunohistochemical staining, Western blot assay, and RT-PCR.
Brain water content as detected by the dry-wet method Brain water content was measured using the dry-wet method. At 2, 6, 12, and 24 and 3 and 7 days after model establishment, 8 rats in each group were sacrificed. Approximately 200±50 mg of brain tissue obtained from the anterior border in the percussion area was dried with filter paper, and weighed with an electronic analytical balance with 0.0001-g accuracy to obtain wet weight (W). The tissue was dried in a 110°C dryer for 24 h and weighed to obtain dry weight (D). In accordance with Elliot formula [17] , brain water content (%) was calculated by (W-D)/W×100%.
Hematoxylin-eosin staining and immunohistochemical staining
At 2, 6, 12, and 24 h and 3 and 7 days after model establishment, 8 rats in each group were sacrificed. An approximately 4-mm-thick piece of brain tissue in the percussion area was fixed in 4% paraformaldehyde at 4°C for 24 h and embedded in paraffin, and then sliced into 4-μm sections. Paraffin sections were dewaxed, hydrated, and stained with hematoxylin and eosin. The extent and scope of balloon cells were observed in the edema area with a light microscope.
Horseradish peroxidase-labeled streptavidin (S-P method) was used in immunohistochemical staining. Primary antibody and secondary antibody were rabbit anti-rat AQP4 polyclonal antibody (1:100) and biotin-labeled goat anti-rabbit IgG (1:1,000), respectively. Samples were visualized with a diaminobenzidine color kit. Goat serum and PBS were used as negative controls instead of primary antibody. The presence of brown coarse or fine particles on the cell membrane was considered as a positive reaction.
AQP4 protein expression as detected by western blot assay
At 2, 6, 12, and 24 h and 3 and 7 days after model establishment, 8 rats in each group were sacrificed. A 200-mg piece of brain tissue from the posterior border in the percussion area was cut into pieces on ice. Membrane proteins in each group were extracted with a Thermo Scientific Pierce Protein Extraction Kit, and quantified with a Thermo Scientific Pierce BCA Protein Quantification Kit. Forty μg of proteins were loaded and separated on 10% separating gel and 5% stacking gel for sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The proteins were electrically transferred to nitrocellulose membranes. The membranes were blocked with 5% defatted milk powder at room temperature for 2 h, incubated with blocking solution-diluted rabbit anti-rat AQP4 polyclonal antibody (1:200) at 4°C overnight, with 5% defatted milk powder-diluted goat anti-rabbit IgG (1:6000) at room temperature for 2 h, and visualized with an enhanced chemiluminescence kit. The internal reference was b-actin. Integral optical density (IOD) values of target band and internal reference were analyzed with a gel image analysis system (Gel-Pro Analyzer Version 3.0). The ratio of IOD values of target band and internal reference represented relative expression levels of protein.
AQP4 mRNA expression as detected by RT-PCR
At 2, 6, 12, and 24 h and 3 and 7 days after model establishment, total RNA was extracted from brain tissues of each group using a Trizol RNA Isolation extraction kit. RNA purity was measured using ultraviolet spectrophotometry. OD values at 260 nm and 280 nm (OD 260 and OD 280 ) were determined using the ultraviolet spectrophotometry. The ratio of OD 260 to OD 280 was set between 1.8 and 2.0. cDNA was synthesized with a M-MLV reverse transcription kit. PCR amplification was conducted taking cDNA as a template. With NCBI Genebank and Primer Premier 5.0 software, primer sequences were designed and synthesized by Sangon Biotech, Shanghai, China. b-actin was considered as an internal reference. Primer sequences were as follows: AQP4 primer:
Quantitative fluorescent PCR was performed with a quantitative fluorescent reagent kit (SYBR Green I) using the 7300 real-time PCR system. Thermal cycling parameters were: 96°C for 4 min, followed by 40 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s. Fluorescence signal was collected at 72°C for 30 s in each cycle. After amplification, b-actin served as an internal reference gene. Compared with the control group, relative quantitative value of the target gene was obtained and used for statistical analysis.
Statistical analysis
Results were analyzed using SPSS17.0 statistical software and expressed as mean ±SD. Means among multiple groups were compared using 2-way ANOVA. The comparison between groups was conducted using Tukey's post hoc comparisons. A value of P<0.05 was considered statistically significant.
Results
Histological observation
As shown in Figures 1 and 2 , in the SO group, the space around neurons was widened, and cellular edema was ballooning and became worsen at 2-12 h after injury. Neuronal swelling reached a peak and presented vacuolated cells at 24 h. Swelling lasted for 3 days. At 24 h, swelling was relieved; gliosis and inflammatory cell infiltration appeared. At 7 days, cellular edema mostly disappeared, and a scar-like change was visible in the percussion area. Compared with the SO group, cellular edema was lessened at various time points in the LL and LH groups; the number of balloon cells was remarkably reduced and the space around cells became narrowed. Compared with the LL group, cellular edema was mitigated at 12 and 24 h in the LH group.
Determination of brain water content
Brain water content was slightly lower in the LL and LH groups than in the TBI group at 2 h, but no statistical significance was detected (P>0.05). At 6 h, brain water content was significantly lower in the LL and LH groups than in the TBI group (79.77±1. 12 Figure 3 ).
Determination of AQP4 using Western blot assay
AQP4 expression showed an ascendant trend in the TBI, LL, and LH groups compared with the SO group (P<0.05). AQP4 expression was lower in the LL and LH groups than in the TBI group at various time points (except at 2 h), and the decrease was apparent at 12 and 24 h and 3 days (P<0.05). AQP4 expression was lower in the LH group than in the LL group at 12 and 24 h (P<0.05; Table 2 
, Figures 4).
Detection of AQP4 mRNA expression using RT-PCR AQP4 mRNA expression was significantly greater in the TBI, LL, and LH groups than in the SO group (P<0.05). AQP4 mRNA expression was significantly lower in the LL and LH groups than in the TBI group at various time points (except 2 h) (P<0.05). Significant differences in AQP4 mRNA expression were detectable between the LL and LH groups at 12 and 24 h (P<0.05; Table 3 , Figures 5, 6 ).
Discussion
AQP4 is expressed mainly in astrocytes and ependymal cells. AQP4 expression is abundant on the subarachnoid and perivascular astrocyte surface and glial limiting membrane formed by the astrocyte end-feet-surrounded capillary wall; this distribution is called a polarized distribution. This distribution feature indicates that AQP4 plays a key role in maintaining water balance in the brain, and is an important structural basis of water regulation and transport among glial cells, cerebrospinal fluid, and blood vessels [18] [19] [20] [21] [22] . AQP4 expression was positively correlated with brain water content after fluid percussion injury on the swollen area, which indicated that AQP4 participated in the formation of brain edema. The trend of 
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License changes in AQP4 expression was basically consistent with the changes in brain water content, which suggest that traumatic brain injury activated AQP4 on the astrocyte end-feet; the water molecule entered astrocytes and produced brain edema [23] [24] [25] [26] . Rao et al. demonstrated that AQP expression was evidently up-regulated in the swollen area following fluid percussion injury, and brain edema could be obviously lessened by down-regulating AQP4 expression with siRNA silencing or cycloheximide [27] . Protein kinase C agonist (activated protein kinase C causes AQP4 phosphorylation and the loss of biological activity) phorbol ester, or dibutyryl not only apparently reduced brain water content, but also noticeably inhibited AQP4 expression. These results show that phorbol ester or dibutyryl relieved brain edema by suppressing AQP4 expression, and verified that the up-regulation of AQP4 expression was involved in the occurrence of traumatic brain edema [28, 29] . In a rat model of lateral fluid percussion-induced severe traumatic brain injury, decompression craniectomy could diminish AQP4 expression and mitigate brain edema [30] . In a controlled cortical impact model, rapid microsurgical skull reconstruction could increase AQP4 expression and aggravate brain injury [31] . In the present study, the alterations in brain edema induced by fluid percussion were consistent with the trends of AQP4 and AQP4 mRNA expression, which confirmed that the up-regulation of AQP4 expression was the main cause of traumatic brain edema.
Levetiracetam can be rapidly absorbed orally, and has antiepileptic and neuroprotective effects ]32,33]. In a controlled cortical impact model, levetiracetam could relieve inflammatory reaction and promote the recovery of neurological function [34] . In a rat model of closed craniocerebral injury and subarachnoid hemorrhage, levetiracetam could protect neurons and lessen cerebral vasospasm [35] . This study confirmed that levetiracetam could not alter the trend of brain edema, but could noticeably diminish the degree of brain edema. Moreover, high-dose levetiracetam could more evidently reduce the degree of brain edema, in a dose-effect relationship. 
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A positive correlation between AQP4 and AQP4 mRNA expression suggested that the changes in AQP4 mRNA expression determined the changes in AQP4 expression. This indicates that the increase in AQP4 protein expression might be induced by the increase in AQP4 mRNA synthesis. The trend of the inhibitory effect of levetiracetam on AQP4 and AQP4 mRNA expression was consistent with the trend of the effect of levetiracetam on decreasing brain water content. Taken together, levetiracetam mitigated fluid percussion-induced brain edema, possibly by down-regulating AQP4 mRNA expression and suppressing AQP4 expression. These findings provide experimental evidence for clinical use of levetiracetam in the treatment of craniocerebral injury.
Conclusions
This study showed that levetiracetam could effectively reduce brain water content, lessen brain edema, and protect brain tissue by down-regulating AQP4 mRNA expression. The precise mechanism underlying the down-regulation of AQP4 mRNA expression deserves further investigations.
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